show that the dopamine-induced calcium signalling is receptor independent in midbrain, cortical and hippocampal astrocytes. We demonstrate that the calcium signal is initiated by the metabolism of DA by monoamine oxidase, which produces reactive oxygen species and induces lipid peroxidation. This stimulates the activation of phospholipase C, and subsequent release of calcium from the endoplasmic reticulum via the IP3-receptor mechanism. These findings have major implications on the function of astrocytes that are exposed to dopamine, and may contribute to understanding the physiological role of dopamine.
INTRODUCTION

Dopamine
(DA) is the predominant catecholamine neurotransmitter in the mammalian brain and controls a variety of functions including locomotor activity, cognition, emotion, positive reinforcement, food intake, and endocrine regulation. The neurotransmitter DA is a monoamine which is synthesised in dopaminergic neurons in the substantia nigra in the midbrain and transferred to the striatum through very fine C-fibres (1, 2) . Dopaminergic terminals constitute approximately 21% of total axon terminals in the striatum and contact mostly dendritic spines and dendritic shafts. The actions of DA are mediated by specific G-protein coupled receptors, which are divided into two major families based on their ability to stimulate (D1-like) or inhibit adenylate cyclase (D2-like). Three human D2-like receptors have been cloned: D2, D3 and D4 (3) . Dopamergic receptors are mostly distributed in the striatum, and to a lesser degree in other parts of the brain. The signalling pathways of DA in different parts of the brain are of broad clinical and scientific interest. The neurodegenerative disorder, Parkinson's disease, is caused by a loss of dopamine-secreting neurons from the midbrain; this leads to rigidity, tremor and the characteristic slowness of movement.
Impairment of DA signalling is thought to play a role not only in Parkinson's disease but also Alzheimer's disease and psychomotor syndromes such as schizophrenia (4) (5) (6) .
DA is catabolised by monoamine oxidase (MAO), which breaks down monoamines using FAD, producing aldehydes and hydrogen peroxide. Astrocytes express both forms of MAO: MAO-A and and MAO-B (7) .
Activation of D-1 and D-2 receptors is believed to modulate intracellular calcium levels by a single mechanism, that is, the stimulation of phosphatidylinositol (PI) hydrolysis by phospholipase C (PLC), resulting in the production of inositol 1,4,5-trisphosphate, which mobilizes intracellular calcium stores (2, 3) . Other mechanisms of release of Ca 2+ from internal stores have also been proposed. DA increases cAMP levels (8) (9) (10) ). DA appears to affect the activity of calcium channels. In neurons and PC12 cells, DA reduced calcium currents by L-, N-and P-type calcium channels (3, 9, 11) . Reports on the effects of DA on intracellular calcium in astrocytes from different areas of the brain are controversial and many of the effects cannot be explained solely by the interaction of dopamine with D1/2-receptors (3). The effect of DA on calcium homeostasis in astrocytes is potentially very important, in light of the interplay between neuronal and glial signals in physiology and pathology reported recently (12) (13) (14) .
EXPERIMENTAL PROCEDURE
Cell culture
Mixed cultures of hippocampal, cortical or midbrain neurones and glial cells were prepared as described previously (13) and plasmalemmal membrane potential were monitored in single cells using excitation light provided by a Xenon arc lamp, the beam passing monochromator at 340, 380 and 490 nm (Cairn Research, Kent, UK). Emitted fluorescence light was reflected through a 515 nm long-pass filter to a cooled CCD camera (Retiga, QImaging, Canada) and digitised to 12 bit resolution. All imaging data were collected and analysed using software from Andor (Belfast, UK). Traces, obtained using the cooled CCD imaging system, are presented as the ratio of excitation at 340 and 380 nm, both with emission at >515 nm. For some measurements, [Ca 2+ ] c was calculated using the
where R is the fluorescence ratio (340 nm/380 nm) and K is the effective dissociation constant of fura-2. R max and R min were determined by application of 50 μM digitonin followed by 1mM MnCl 2 . Confocal images were obtained using a Zeiss 510 uv-vis CLSM equipped with a META detection system and a 40x oil immersion objective. The 488nm Argon laser line was used to excite fluo-4 which was measured using a bandpass filter from 505-550nm. For Rhod-2 measurements the 543 nm laser line and 560nm longpass filter were used. Illumination intensity was kept to a minimum (at 0.1-0.2% of laser output) to avoid phototoxicity and the pinhole set to give an optical slice of ~2µm. C11-BODIPY (581/591) was excited using the 488 and 543nm laser line and fluorescence measured using a bandpass filter from 505-550nm and 560nm longpass filter. All data presented were obtained from at least 5 coverslips and 2-3 different cell preparations.
Where indicated, solvent-only control or DAfree controls were used.
Cell viability experiment
In order to measure cell viability, cells were loaded simultaneously with 20µM propidium iodide (PI), (which is excluded from viable cells but exhibits a red fluorescence following a loss of membrane integrity in non-viable cells) and 4.5µM Hoechst 33342 (Molecular Probes, Eugene, OR), which labels nuclei blue, to count the total number of cells. Each experiment was repeated four times using independent cultures.
Statistical analysis
Statistical analysis was performed with the aid of Origin 8 (Microcal Software Inc., Northampton, MA, USA) software. Means expressed ± the standard error of the mean (S.E.M.). was dependent on the concentration of DA applied ( Fig 1B) .
RESULTS
DA induces a Ca
We observed and characterised three major types of DA-induced Ca 2+ responses in astrocytes:
(1) single spikes with amplitude in the peak 200-300 nM (Fig 1Di) , (2) low amplitude 150-250 nM oscillations (Fig 1Dii) , (3) broad single peak of 400-500 nM (Fig 1Diii) . We quantified the proportion of astrocytes exhibiting each type of DA-induced Ca 2+ signal (Fig 1C) . In the majority of astrocytes respond to DA (20μM) either with single spikes (46.8±4.5% astrocytes) or low amplitude oscillations (40.7±3.9% astrocytes). Less than one fifth showed a broad single peak (12.5±3.9% astrocytes (Fig.1C) (22, 23) . Neurotoxicity in neurodegenerative disease may be mediated by astrocyte-neuronal interactions. For example, beta-amyloid induces a calcium signal in astrocytes which results in overproduction of ROS, reduction of antioxidant levels, and cell death in neurons (12) (13) (14) . In this study, we have demonstrated that metabolism of non-toxic concentrations of DA by MAO in astrocytes produces hydrogen peroxide, which activates lipid peroxidation in the neighbouring membranes. Lipid peroxidation activates PLC, releasing IP 3 Low concentrations of DA (0-50µM) has no significant effect on cell viability in pure cultures of cortical astrocytes, while higher concentrations (100, 500µM) significantly increased the percentage of cell death. **p<0.01 and ***p<0.001 vs control. All data were expressed as mean ± S.E.M. 
